Oocyte cryopreservation combined with assisted reproductive techniques is a potent way for gene banking of female germplasm \[[@r1]\]. Compared with other species, oocyte cryopreservation in pigs is still considered a challenge because of the enormous sensitivity of porcine oocytes to low temperatures \[[@r2]\]. Application of vitrification techniques to matured porcine oocytes has resulted in limited rates of embryo development after *in vitro* fertilization (IVF) or intracytoplasmic sperm injection \[[@r2],[@r3],[@r4]\]. In recent years, we have been developing a protocol for the solid surface vitrification (SSV) of immature porcine oocytes, which resulted in high survival rates and the production of piglets for the first time \[[@r5]\]. Nevertheless, the frequency of blastocyst development from vitrified oocytes is still low, despite their normal ability to undergo *in vitro* maturation and fertilization \[[@r5]\]. Therefore, further optimization of this protocol is necessary.

Previously, we demonstrated that the permeating cryoprotectants (CPAs) used for SSV greatly determine the survival of immature porcine oocytes after warming, with the use of a CPA with high permeability (such as propylene glycol) being associated with high survival \[[@r6]\]. Furthermore, it has been demonstrated that combinations of different CPAs give better results than the use of a single type of CPA in pigs \[[@r6]\] as well as in other mammalian species \[[@r7]\]. To date, three main vitrification techniques have been applied to porcine oocytes with various results: the SSV \[[@r5], [@r6], [@r8],[@r9],[@r10],[@r11],[@r12]\], Cryotop \[[@r13],[@r14],[@r15],[@r16],[@r17],[@r18],[@r19],[@r20]\] and Open Pulled Straw (OPS) \[[@r15], [@r18], [@r21],[@r22],[@r23],[@r24],[@r25]\] methods. Although the main difference among these techniques is the cryodevice (i.e., the carrier that gives the distinctive name to each method), these methods also differ in terms of the CPA treatment including the type of sugars and permeating CPA, their concentrations during equilibration and the duration of equilibration ([Table 1](#tbl_001){ref-type="table"}Table 1.Overview of vitrification methods and cryoprotectant treatment regimens used in previous reports for porcine oocyte cryopreservationMethod\
(device)EquilibrationVitrification solutionHighest oocyte survival\
reported (if available)ReferencesStepsPermeable CPA (% v/v)Total duration\
(min)Permeable CPA (% v/v)Sugar (M)Total duration\
(min)SSV1EG (4%)15 minEG (35%)Sucrose (0.4 M)30--60 secGV: 80% (approx.)\[[@r9]\]MII: 80% (approx.)SSV1EG (4%)15 minEG (35%)Trehalose (0.3 M)30--60 secGV: 27.7%\[[@r10], [@r11]\]MII: 61.4%SSV1EG (2%) + PG (2%)13--15 minEG (17.5%) + PG (17.5%)Trehalose (0.3 M)30--40 secGV: 42.3--87.1%\[[@r5], [@r12]\]MII: 85.4%Cryotop1EG (7.5%) + DMSO (7.5 %)5--15 minEG (15%) + DMSO (15%)Sucrose (0.5 M)30--60 secMII: 52--99.2%\[[@r14], [@r15], [@r17]\]Cryotop1EG (15%)5--9 minEG (30%)Sucrose (0.5 M)30--60 secMII: 80% (approx.)\[[@r19]\]Cryotop1EG (4%)15 minEG (35%)Trehalose (0.4 M)30--60 secGV: 4%\[[@r18]\]Cryotop2EG (7.5 → 15%)1--4 minEG (30--35%)Sucrose (0.5--0.6 M)30--60 secGV: 40% (approx.)\[[@r13], [@r16], [@r20]\]MII: 80% (approx.)OPS1EG (10%) + DMSO (10%)3 (5)--10 minEG (20%) + DMSO (20%)Sucrose (0.6 M)30--50 secMII: 68.2%\[[@r15], [@r23], [@r24]\]OPS6EG (5→10→15→20→25→30%)12.5 minEG (40%)None25 secNo data\[[@r21]\]OPS1EG (10%) + DMSO (10%)90 secEG (20%) + DMSO (20%)Sucrose (0.3 M)30 secMII: 62.1%\[[@r22]\]OPS2EG (0.6%) + FOR (0.5%) + DMSO (0.8%) → EG (3.6%) + FOR (2.8%) + DMSO (4.8%)4 minEG (12.6%) + FOR (9.6%) + DMSO (16.7%)None60 secMII: 98.8%\[[@r25]\]SSV = solid surface vitrification; OPS = open pulled straw; CPA = cryoprotectant agent; EG = ethylene glycol; PG = propylene glycol; DMSO = dimethyl sulfoxide; FOR = formamide; GV = germinal vesicle (stage); MII = metaphase II (stage).). To complicate things further, a number of studies using the same carrier applied fundamentally different CPA treatment regimens ([Table 1](#tbl_001){ref-type="table"}). In general, we can conclude that these methods use ethylene glycol (EG) alone or EG combined with either dimethyl sulfoxide (DMSO) or propylene glycol (PG) as the permeating CPA. Also, as a non-permeating CPA, either trehalose or sucrose is often applied during vitrification ([Table 1](#tbl_001){ref-type="table"}). To our knowledge, the distinctive features of CPA treatment regimens applied by different reports using different vitrification methods have not been compared for the vitrification of porcine oocytes using a single carrier. Therefore, the optimum CPA treatment protocol for this purpose has remained a matter of debate. The aim of the present study was to find out the optimum CPA treatment protocol for the vitrification of immature porcine oocytes by a fixed vitrification method (SSV), which allowed quick preservation of cumulus-enclosed oocytes in a group of approximately 100 per treatment. To do so, we compared 1) two of the most frequently used sugars (trehalose *vs.* sucrose), 2) three combinations of permeating CPA (EG + DMSO *vs*. EG + PG *vs*. EG + DMSO + PG) and 3) two common but fundamentally different equilibration regimens (4% CPA for 15 min *vs*. 15% CPA for 5 min) and 4) determined the optimum length for the equilibration treatment.

Materials and Methods {#s1}
=====================

Collection and vitrification of cumulus-oocyte complexes (COCs)
---------------------------------------------------------------

Ovaries from prepubertal cross-bred gilts (Landrace × Large White) were collected at a local slaughterhouse and brought to the laboratory within 1 h in Dulbecco's phosphate-buffered saline (PBS) (Nissui Pharmaceutical, Tokyo, Japan) at 35−37 C. COCs were collected by scraping follicles 3 to 6 mm in diameter into a collection medium consisting of medium 199 (with Hank's salts; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine serum (Gibco; Invitrogen, Carlsbad, CA, USA), 20 mM HEPES (Dojindo Laboratories, Kumamoto, Japan) and antibiotics \[100 units/ml penicillin G potassium (Sigma-Aldrich) and 0.1 mg/ml streptomycin sulfate (Sigma-Aldrich)\]. The COCs were cryopreserved as reported previously \[[@r26]\], with modifications. In brief, COCs were treated for 30 min in a basic medium (BM) consisting of modified NCSU-37 \[[@r27]\] without glucose but supplemented with 20 mM HEPES, 50 µM β-mercaptoethanol, 0.17 mM sodium pyruvate and 2.73 mM sodium lactate. The BM medium was further supplemented with 4 mg/ml bovine serum albumin (BSA; Fraction V, Sigma-Aldrich) and 7.5 µg/ml cytochalasin B (C-6762, Sigma-Aldrich) for the first 30 min treatment before equilibration. Further treatments varied in terms of the components of the equilibration and vitrification media and the treatment intervals among experiments (see *Experimental design*). In general, for equilibration, a group of approximately 100 COCs were treated all at once in an equilibration medium comprised of BM supplemented with 4 mg/ml BSA, 7.5 µg/ml cytochalasin B and either 4% (v/v) or 15% (v/v) of a permeating CPA combination for 15 min or 5 min, respectively, at 38.5 C according to the experimental design. The vitrification solution was BM supplemented with 50 mg/ml polyvinylpyrrolidone (P-0930, Sigma-Aldrich), 0.3 M trehalose (T-0167, Sigma-Aldrich) or 0.3 M sucrose (196-00015, Wako Pure Chemical Industries, Osaka, Japan,) and, in total, 35% (v/v) of a permeating CPA combination, depending on the experimental design. After equilibration, approximately 50 COCs were picked up, washed three times in 20-µl drops of vitrification solution at 38.5 C, pipetted into a glass capillary tube and then finally dropped in 2--3 microdrops (each about 2--3 µl,. containing 10--25 COCs) onto aluminum foil floating on the surface of liquid nitrogen (LN). Washing in vitrification medium and placement of microdrops with COCs onto the cold aluminum surface were performed over the course of about 30--40 sec. The vitrified droplets were transferred to 2-ml cryotubes (Iwaki 2732-002; AGC Techno Glass, Tokyo, Japan) partly immersed in LN and then stored in LN until use. Before the start of the warming procedure, the warming medium (kept airtight in 15 ml centrifuge tubes) was pre-warmed to 42 C in a dry block tube heater fitted on a hot plate (SP-45D, Hirasawa, Tokyo, Japan). Vitrified droplets were warmed by transfer into 2.5 ml of a warming solution, which was either 0.4 M trehalose or 0.4 M sucrose depending on the experimental design in BM, supplemented with 4 mg/ml BSA in a 35-mm plastic dish (Falcon 351008, Thomas Scientific, Swedesboro, NJ, USA) kept on a hot plate at 42 C according to our previous report \[[@r5]\]. One to two minutes later, oocytes were consecutively transferred for periods of 1 min (each) to 500-µl droplets of BM supplemented with 0.2, 0.1 or 0.05 M trehalose or sucrose (see *Experimental design*) at 38.0 C. They were then washed in BM without trehalose/sucrose at 38.0 C and subjected to *in vitro* maturation (IVM).

IVM
---

The maturation culture medium was a modified NCSU-37 solution \[[@r27]\] containing 10% (v/v) porcine follicular fluid, 0.6 mM cysteine, 50 μM β-mercaptoethanol, 1 mM dibutyryl cAMP (dbcAMP; Sigma), 10 IU/ml eCG (Serotropin; ASKA Pharmaceutical, Tokyo, Japan) and 10 IU/ml hCG (500 units; Puberogen, Novartis Animal Health, Tokyo, Japan). Maturation was performed in 4-well dishes (Nunc MultiDishes, Thomas Scientific) in 500-µl droplets of IVM medium without oil coverage for 22 h in an atmosphere of 5% CO~2~, 5% O~2~ and 90% N~2~ at 39 C. The COCs were subsequently cultured in the maturation medium without dbcAMP and hormones for an additional 22 h under the same atmosphere. Forty to 50 COCs were cultured in each droplet.

IVF, evaluation of oocyte survival and in vitro embryo culture
--------------------------------------------------------------

The IVF and *in vitro* embryo culture (IVC) procedures were performed by the method of Kikuchi *et al*. \[[@r28]\]. The medium used for IVF was a modified Pig-FM \[[@r29]\] medium containing 10 mM HEPES, 2 mM caffeine and 5 mg/ml BSA. After being washed 3 times in IVF medium, all cumulus-enclosed oocytes were transferred into 90-µl IVF droplets (approximately 20 oocytes in each droplet) covered by paraffin oil (Paraffin Liquid; Nacalai Tesque, Kyoto, Japan). Frozen-thawed epididymal spermatozoa from a Landrace boar were preincubated at 37 C in medium 199 (with Earle's salts, Gibco, pH adjusted to 7.8) for 15 min \[[@r30]\]. To obtain the final sperm concentration (1 × 10^5^ cells/ml), 10 µl of the sperm suspension was introduced into the IVF medium containing oocytes and co-incubated for 3 h at 39 C under 5% CO~2~, 5% O~2~ and 90% N~2~. The day of IVF was defined as day 0. At the end of IVF, spermatozoa and cumulus cells were removed from the surface of the zona pellucida by gentle pipetting with a fine glass pipette. At this time, oocyte viability was assessed under a stereomicroscope. Oocytes with clear signs of membrane damage (brownish, faded cytoplasm) were removed, and only oocytes with a normal spherical shape, smooth surface and dark and evenly granulated cytoplasm were considered live. Only live oocytes were used for IVC, which was performed in 500-µl drops of IVC-PyrLac on days 0 to 2 and 500-µl drops of IVC-Glu on days 2 to 6 \[[@r28]\] in 4-well dishes in an atmosphere of 5% CO~2~, 5% O~2~ and 90% N~2~ at 39 C. IVC-PyrLac was BM medium without HEPES supplementation. IVC-Glu was the original NCSU-37 medium containing 5.55 mM glucose and supplemented with 4 mg/ml BSA and 50 µM β-mercaptoethanol.

Evaluation of maturation and fertilization
------------------------------------------

The maturation and fertilization statuses of oocytes were assessed 10 h after IVF. In each experimental replication, 25 oocytes were mounted on glass slides in each group and fixed with acetic alcohol (acetic acid 1:ethanol 3) for at least 5 days, stained with 1% (w/v) orcein (Sigma) in acetic acid, rinsed in glycerol:acetic acid:water (1:1:3) and then examined under a phase-contrast microscope with × 40 or × 100 objectives. The status of the oocyte chromatin, the presence and numbers of female and male pronuclei and/or the sperm head(s) and existence of the first and second polar bodies (1PB and 2PB, respectively) were investigated in the oocytes. When a nuclear envelope was not detected around the female chromatin, the oocyte was considered one that had undergone germinal vesicle breakdown (GVBD). Oocytes were considered matured when they had a metaphase plate and 1PB (unfertilized metaphase-II stage oocytes) or if they were penetrated and had both a 1PB and 2PB (fertilized oocytes progressing beyond the metaphase-II stage). Oocytes were considered penetrated when a sperm head(s), male pronucleus with the corresponding sperm tail or both were detected in the cytoplasm. Oocytes with one penetrating sperm in the cytoplasm were defined as monospermic. Normal fertilization was defined by the presence of 1 female pronucleus and 1 male pronucleus and extrusion of both the 1 PB and 2PB. Frequencies of total penetration and normal fertilization were calculated as their percentage from GVBD oocytes, since at the end of IVM, porcine oocytes arrested at any stage beyond the germinal vesicle (GV) stage show similar fertilization and monospermy rates \[[@r31]\].

Evaluation of embryo development and blastocyst cell numbers
------------------------------------------------------------

Cleavage rates on day 2, blastocyst rates on day 6 and total cell numbers in blastocysts on day 6 were recorded. On day 2, embryos with 2−4 blastomeres were considered cleaved \[[@r32]\]. On day 6, expanded embryos without a visible perivitelline space containing more than 10 blastomeres and a blastocoel were considered blastocysts. To assess total cell numbers in embryos, blastocysts were placed in 25 µg/ml Hoechst 33342 (H33342, Calbiochem, San Diego, CA, USA) dissolved in 99.5% ethanol and kept at 4 C for overnight. After washing in 99.5% ethanol, they were mounted on glass slides in glycerol droplets, flattened by cover slips and examined under UV light with an excitation wavelength of 330--385 nm by using an epifluorescence microscope (IX-71, Olympus, Tokyo, Japan). A digital image of each embryo was taken, and the total numbers of nuclei labeled by H33342 were counted using the NIH ImageJ (v. 1.40) software \[[@r33]\].

Experimental design
-------------------

Experiment 1: This experiment was performed to compare the feasibilities of trehalose and sucrose for oocyte vitrification and warming. Immature COCs were equilibrated for 15 min in a medium containing 2% (v/v) EG (E-9129, Sigma-Aldrich) + 2% (v/v) PG (29218-35, Nacalai Tesque). In all groups, oocytes were treated with 7.5 µg/ml cytochalasin B for 45 min (30 min pretreatment + 15 min equilibration) before vitrification as described above. Vitrification was performed in a medium containing 50 mg/ml PVP and 17.5% (v/v) EG + 17.5% (v/v) PG supplemented either with 0.3 M trehalose (vitrified trehalose group) or 0.3 M sucrose (vitrified sucrose group). Warming of vitrified COCs was performed in media supplemented either with 0.4 M trehalose (vitrified trehalose group) or 0.4 M sucrose (vitrified sucrose group) as detailed above. After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. Live oocytes were subsequently used either for the assessment of nuclear and fertilization statuses or for embryo culture.

Survival, maturation, fertilization rates after IVM/IVF, cleavage and blastocyst developmental rates and blastocyst cell numbers during culture in the two vitrified groups were compared with those of non-vitrified COCs (control). Four replications were performed.

Experiment 2: This experiment was performed to compare the feasibilities of 3 combinations of permeating CPA for the vitrification of immature COCs. Immature COCs were equilibrated for 15 min in a medium containing a total of 4% (v/v) permeating CPA, which was 2% (v/v) EG + 2% (v/v) PG (vitrified EG+PG group), 2% (v/v) EG + 2% (v/v) DMSO (043-07216, Wako) (vitrified EG+DMSO group) or 1.33% (v/v) EG + 1.33% (v/v) PG + 1.33% (v/v) DMSO (vitrified EG+PG+DMSO group). In all groups, oocytes were treated with 7.5 µg/ml cytochalasin B for 45 min (30 min pretreatment + 15 min equilibration) before vitrification as described above. Then COCs were vitrified in media supplemented with 50 mg/ml PVP and 0.3 M sucrose (based on the results of *Experiment 1*) containing a total of 35% (v/v) permeating CPA, which was 17.5% (v/v) EG + 17.5% (v/v) PG (vitrified EG+PG group), 17.5% (v/v) EG + 17.5% (v/v) DMSO (vitrified EG+DMSO group) or 11.66% (v/v) EG + 11.66% (v/v) PG + 11.66% (v/v) DMSO (vitrified EG + PG + DMSO group). Warming of vitrified COCs was performed in media supplemented with sucrose as detailed above. After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. Live oocytes were subsequently used either for assessment of their nuclear and fertilization statuses or for embryo culture. Survival, maturation of the oocytes, fertilization rates after IVM/IVF, cleavage and blastocyst developmental rates and also blastocyst cell numbers during culture in the three vitrified groups were compared to those of non-vitrified COCs (control). Four replications were performed.

Experiment 3: This experiment was performed to compare the feasibilities of two frequently used equilibration regimens for the vitrification of immature COCs. Immature COCs were equilibrated in a medium containing 2% (v/v) EG + 2% (v/v) PG for 15 min (Regimen A/EG + PG), 7.5% (v/v) EG + 7.5% (v/v) PG for 5 min (Regimen B/EG + PG) or 7.5% (v/v) EG + 7.5% (v/v) DMSO for 5 min (Regimen B/EG + DMSO). (Note: In this experiment, Regimen A/ EG + DMSO was not examined because it was compared with Regimen A/EG + PG in Experiment 1). In all groups, oocytes were treated with 7.5 µg/ml cytochalasin B for 45 min (30 min pretreatment + 15 min equilibration for Regimen A or 40 min pretreatment + 5 min equilibration for Regimen B) before vitrification as described above. Vitrification was performed in a medium containing 50 mg/ml PVP, 0.3 M sucrose and either 17.5% (v/v) EG + 17.5% (v/v) PG (for the Regimen A/EG + PG and Regimen B/EG + PG groups) or 17.5% (v/v) EG + 17.5% (v/v) DMSO (for the Regimen B/EG + DMSO group). Warming of vitrified COCs was performed in media supplemented with sucrose as detailed above. After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. All live oocytes were subjected to embryo culture. Oocyte survival, cleavage and blastocyst developmental rates during culture in the three vitrified groups were compared with those of non-vitrified COCs (control). Three replications were performed.

Experiment 4: This experiment was performed to determine the optimum interval for equilibration treatment in a total of 4% permeating CPA. Immature COCs were equilibrated in a medium containing 2% (v/v) EG + 2% (v/v) PG for 5 min (5 min group), 15 min (15 min group) or 25 min (25 min group). (Note: The equilibration medium contained 7.5 µg/ml cytochalasin B as mentioned above. In order to provide a total of 45 min of treatment with cytochalasin B in each group, 5 min, 15 min and 25 min groups were pretreated cytochalasin B in rinsing medium for 40 min, 30 min and 20 min, respectively). Then COCs were vitrified in a medium containing 50 mg/ml PVP, 0.3 M sucrose and 17.5% (v/v) EG + 17.5% (v/v) PG. Warming of vitrified COCs was performed in media supplemented with sucrose as detailed above. After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. All live oocytes were subjected to embryo culture. Oocyte survival, cleavage and blastocyst developmental rates during IVC were compared among the three groups. Four replications were performed.

Statistical analysis
--------------------

All data were expressed as mean ± SEM values. Percentage data were arcsine transformed before analysis. Data on survival, maturation, fertilization status, *in vitro* development and embryo cell numbers were analyzed by one-way ANOVA followed by Tukey's multiple comparison test. All data were analyzed using the KyPlot package (Ver. 2.0, KyensLab, Tokyo, Japan). P \< 0.05 was defined as the significance level.

Results {#s2}
=======

Feasibility of trehalose and sucrose for oocyte vitrification and warming
-------------------------------------------------------------------------

The proportions of surviving oocytes after vitrification and warming were similar when trehalose or sucrose was used (83.2% and 80.3%); however, these values were significantly lower than that of the control group (97.4%) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Survival of immature cumulus-enclosed porcine oocytes after vitrification in the presence of either trehalose or sucrose. Four replications were performed. Total numbers of oocytes subjected to each treatment are given in parentheses (n). Data are presented as mean ± SEM values. ^a,\ b^ Columns with different letters are significantly different (P \< 0.05). After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. Live oocytes were subsequently used either for assessment of nuclear and fertilization status or for embryo culture (results are given in [Tables 2](#tbl_002){ref-type="table"} and[3](#tbl_003){ref-type="table"}, respectively).). The percentages of matured oocytes, fertilization, monospermy, male pronuclear formation and normal fertilization were not statistically different among the groups ([Table 2](#tbl_002){ref-type="table"}Table 2.Maturation and fertilization status following IVM and IVF of oocytes vitrified in the presence of either trehalose or sucroseTreatment groupsNo. of oocytesTotal\*GVBDMatured^\$^PenetratedNormalMPNMonospermy(% total)(% total)(% GVBD)(% GVBD)(% penetrated)(% penetrated)Control10095 (95.0 ± 3.0)73 (70.0 ± 6.8)43 (44.6 ± 9.3)12 (12.5 ± 2.7)43 (100)17 (43.7 ± 6.3)Vitrified-trehalose10094 (94.0 ± 2.0)57 (57. 0 ± 1.9)48 (61.4 ± 4.4)18 (19.3 ± 3.0)55 (94.6 ± 1.8)31 (54.1 ± 3.4)Vitrified-sucrose10088 (88.0 ± 4.3)55 (55.0 ± 1.0)41 (45.9 ± 10.1)19 (21.0 ± 7.0)37 (90.7 ± 3.6)27 (65.9 ± 7.5)Before vitrification, oocytes were equilibrated in a total of 4% (v/v) CPA (ethylene glycol + propylene glycol (1:1)) for 15 min followed by a brief (approx. 40 sec) washing and vitrification in a total of 35% (v/v) CPA supplemented with either trehalose or sucrose (0.3 M). Four replicates were performed. Percentage data are presented as mean ± SEM values. No significant differences were detected among treatment groups (P \< 0.05). MPN = male pronucleus; GVBD = germinal vesicle breakdown. \* After vitrification IVM and IVF, only live oocytes used to assess nuclear and fertilization status. ^\$^At or beyond the MII stage at 10 h after IVF.). During embryo culture, the cleavage rates were similar between the vitrified-trehalose and vitrified-sucrose groups (39.7% and 42.4%, respectively) but significantly lower than that in the control group (62.5%) ([Table 3](#tbl_003){ref-type="table"}Table 3.*In vitro* embryo development after IVF of oocytes vitrified in the presence of either trehalose or sucroseTreatment groupsTotal cultured\*Cleaved embryosBlastocysts (day 6)Total cells in blastocysts(% cultured)(% cultured)(% cleaved)Control3001898243.4 ± 2.3(62.5 ± 4.3)^a^(26.9 ± 2.8)^a^(42.7 ± 2.1)^a^Vitrified-trehalose24798944.8 ± 3.7(39.7 ± 2.7)^b^(3.5 ± 0.6)^b^(9.4 ± 2.0)^b^Vitrified-sucrose2551101539.2 ± 3.7(42.4 ± 6.0)^b^(5.9 ± 1.7)^b^(13.5 ± 2.5)^b^Four replications were performed. Data are presented as mean ± SEM values. \* After vitrification, IVM and IVF, only surviving oocytes were subjected to subsequent culture. ^a,\ b^ Percentages with different letters in the same column differ significantly (P \< 0.05).). Also, the percentages of cultured oocytes developed to the blastocyst stage on day 6 were not different in the vitrified-trehalose and vitrified-sucrose groups (3.5% and 5.9%), but both of these values were significantly lower than that of the control group (26.9%) ([Table 3](#tbl_003){ref-type="table"}). Likewise, blastocyst formation rates calculated from the numbers of cleaved embryos were similar in the vitrified-trehalose and vitrified-sucrose groups ([Table 3](#tbl_003){ref-type="table"}). There was no significant difference in the mean total number of cells in day 6 blastocysts among the control, vitrified-trehalose and vitrified-sucrose groups (43.4, 44.8 and 39.2, respectively) ([Table 3](#tbl_003){ref-type="table"}).

Comparison of permeating CPA combinations for oocyte vitrification
------------------------------------------------------------------

The proportions of surviving oocytes after vitrification and warming were similar when EG + PG and EG + PG + DMSO combinations were used as a CPA (73.8% and 71.6%, respectively) ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Survival of immature cumulus-enclosed porcine oocytes after vitrification in different combinations of penetrating CPA. Four replications were performed. Total numbers of oocytes subjected to each treatment are given in parentheses (n). Data are presented as mean ± SEM values. ^a,\ b,\ c^ Percentages with different letters in the same column differ significantly (P \< 0.05). After warming, all vitrified COCs were subjected to IVM and IVF. Viability status of oocytes was evaluated after IVF. Live oocytes were subsequently used either for assessment of nuclear and fertilization status or for embryo culture (results are given in [Tables 4](#tbl_004){ref-type="table"} and[5](#tbl_005){ref-type="table"}, respectively).). However, these values were significantly higher than that in the group vitrified in the EG + DMSO combination (51.1%) but lower than that in the control group (98.7%). The percentages of matured oocytes were not significantly different among the control group and the vitrified groups applying EG + PG or EG+DMSO as cryoprotectants (77.0%, 69.0% and 81.0%, respectively) ([Table 4](#tbl_004){ref-type="table"}Table 4.Maturation and fertilization status following IVM and IVF of oocytes vitrified in different combinations of penetrating CPATreatment groupsNo. of oocytesTotal\*GVBDMatured^\$^PenetratedNormalMPNMonospermy(% total)(% total)(% GVBD)(% GVBD)(% penetrated)(% penetrated)Control10098 (98.0 ± 1.1)77 (77.0 ± 3.0)^a^64 (65.1 ± 12.0)14 (14.2 ± 2.6)64 (100)19 (32.7 ± 9.2)Vitrified-EG + PG10098 (98.0 ± 1.1)69 (69.0 ± 6.6)^ab^57 (58.3 ± 6.2)20 (20.4 ± 6.0)54 (94.6 ± 3.1)29 (50.4 ± 3.5)Vitrified-EG + DMSO10099 (99.0 ± 1.0)81 (81.0 ± 3.7)^a^52 (52.5 ± 9.0)19 (19.1 ± 2.9)52 (100)23 (45.7 ± 3.1)Vitrified-EG + PG + DMSO10099 (99.0 ± 1.0)58 (58.0 ± 2.5)^b^47 (47.2 ± 12.7)8 (8.0 ± 1.5)45 (97.6 ± 2.3)16 (41.0 ± 8.9)Before vitrification, oocytes were equilibrated in a total of 4% (v/v) CPA of the actual CPA combination (treatment groups) for 15 min followed by a brief (approx. 40 sec) washing and vitrification in a total of 35% (v/v) CPA supplemented with sucrose (0.3 M). EG + PG = ethylene glycol + propylene glycol (1:1). EG + DMSO = ethylene glycol + dimethyl sulfoxide (1:1). EG + PG + DMSO = ethylene glycol + propylene glycol + dimethyl sulfoxide (1:1:1). Four replicates were performed. Percentage data are presented as mean ± SEM values. ^a,\ b^ Percentages with different letters in the same column differ significantly (P \< 0.05). MPN = male pronucleus; GVBD = germinal vesicle breakdown. \* After vitrification, IVM and IVF, only live oocytes used to assess nuclear and fertilization status. ^\$^At or beyond the MII stage at 10 h after IVF.). However, the maturation rate of oocytes in the vitrified group applying EG + PG + DMSO (58.0%) was significantly lower (P \< 0.05) compared with those of the control and vitrified EG + DMSO group but did not differ statistically from that of the vitrified EG + PG group ([Table 4](#tbl_004){ref-type="table"}). Fertilization, monospermy, male pronuclear formation and normal fertilization were not statistically different among the groups ([Table 4](#tbl_004){ref-type="table"}). During embryo culture, the cleavage rates were similar among all vitrified groups (ranging between 30.5%, and 44.5%), but significantly lower than that in the control group (64.7%) ([Table 5](#tbl_005){ref-type="table"}Table 5.*In vitro* embryo development after IVF of oocytes vitrified in different combinations of penetrating CPATreatment groupsCultured^\*^Cleaved embryos (% cultured)Blastocysts (day 6)Total cells in blastocysts(% cultured)(% cleaved)Control2951917246.6 ± 2.3(64.7 ± 2.4)^a^(24.4 ± 3.0)^a^(37.4 ± 3.2)^a^Vitrified-EG + PG234731048.1 ± 5.3(30.5 ± 6.5)^b^(4.1 ± 2.3)^b^(11.7 ± 4.2)^b^Vitrified-EG + DMSO13862931.2 ± 6.3^\$^(44.5 ± 7.9)^b^(6.3 ± 2.0)^b^(13.2 ± 2.1)^b^Vitrified-EG + PG + DMSO252881245.2 ± 5.8(34.5 ± 4.1)^b^(4.8 ± 0.7)^b^(14.6 ± 2.7)^b^Four replications were performed. Data are presented as mean ± SEM values. \* After vitrification, IVM and IVF, only surviving oocytes were subjected to subsequent culture. ^a,\ b,\ c^ Percentages with different letters in the same column differ significantly (P \< 0.05). ^\$^ Tendentious difference compared with the other groups (P = 0.06--0.08).). Similarly, the percentages of cultured oocytes developing to the blastocyst stage by day 6 were not significantly different among any of the vitrified groups (ranging between 4.1%, and 6.3%), but all of the values were significantly lower than that of the control group (24.4%) ([Table 5](#tbl_005){ref-type="table"}). Likewise, blastocyst formation rates calculated from the numbers of cleaved embryos were similar among vitrified groups but lower than that in the control ([Table 5](#tbl_005){ref-type="table"}). There was no significant difference in the mean total number of cells in day 6 blastocysts among the control and vitrified groups (ranging between 31.2 and 48.1) ([Table 5](#tbl_005){ref-type="table"}). Nevertheless, cell numbers in blastocysts obtained from oocytes vitrified in EG + DMSO were tendentiously lower compared with those in the control (P = 0.06), EG + PG (P = 0.06) and EG + PG + DMSO groups (P = 0.08).

Comparison of equilibration regimens for oocyte vitrification
-------------------------------------------------------------

The percentage of surviving oocytes after vitrification and warming was significantly higher (P \< 0.05) when oocytes were equilibrated with *Regimen A* using EG + PG compared with equilibration with *Regimen B* either with EG + PG or EG + DMSO, which in turn were similar to one another (82.5%, 22.4% and 26.6%, respectively) ([Table 6](#tbl_006){ref-type="table"}Table 6.Survival after warming and IVM and subsequent *in vitro* embryo development after IVF of immature cumulus-enclosed oocytes vitrified by different equilibration regimensTreatmentCPA treatment\
regimenCPATotalLive\* (% total)Cleaved embryos (% live)Blastocysts (day 6)(% live)(% cleaved)(% total)Control\--31030719462(99.0 ± 0.5)^a^(63.4 ± 4.6)^a^(20.3 ± 2.0)^a^(32.0 ± 2.2)^a^(20.1 ± 1.9)^a^VitrifiedRegimen AEG + PG3683047310(82.5 ± 4.6)^b^(24.0 ± 4.5)^b^(3.2 ± 0.1)^b^(13.6 ± 0.9)^b^(2.7 ± 0.2)^b^VitrifiedRegimen BEG + PG3638070(22.4 ± 4.3)^c^(7.6 ± 3.8)^c^(0 ± 0)^c^(0 ± 0)^c^(0 ± 0)^c^VitrifiedRegimen BEG + DMSO35092293(26.6 ± 4.5)^c^(31.5 ± 1.6)^b^(2.8 ± 1.6)^b^(9.4 ± 5.8)^b^(0.9 ± 0.5)^c^Three replications were performed. Data are presented as mean ± SEM values. \* After IVF, all live oocytes were subsequently cultured for 6 days (day 0 = IVF). ^a,\ b,\ c^ Percentages with different letters in the same column differ significantly (P \< 0.05). Regimen A = equilibration in a total of 4% (v/v) CPA for 15 min followed by a brief (approx. 40 sec) washing and vitrification in 35% (v/v) CPA. Regimen B = equilibration in a total of 15% (v/v) CPA for 5 min followed by a brief (approx. 40 sec) washing and vitrification in 35% (v/v) CPA. EG + PG = ethylene glycol + propylene glycol (1:1). EG + DMSO = ethylene glycol + dimethyl sulfoxide (1:1).). Nevertheless, the rates of live oocytes in all vitrified groups were lower (P \< 0.05) than that in the control (99.0%). After IVF, the cleavage rates were not statistically different when equilibration was performed with *Regimen A* using EG + PG and *Regimen B* using EG + DMSO (24.0% and 31.5%, respectively) and both of these values were significantly higher (P \< 0.05) than that obtained by *Regimen B* with EG + PG (7.6%) but lower than that in the control (63.4%). Similarly, blastocyst development calculated as a percentage either from live oocytes or from cleaved oocytes was similar in vitrified groups after equilibration with *Regimen A* using EG + PG and *Regimen B* using EG + DMSO; however, these values were lower than those obtained in the control, whereas blastocysts were not obtained when oocytes were vitrified after equilibration with *Regimen B* using EG + PG ([Table 6](#tbl_006){ref-type="table"}). Among the vitrified groups, the highest blastocyst development yield calculated as the percentage of blastocysts from the original number of oocytes subjected to vitrification was significantly higher (P \< 0.05) after equilibration with *Regimen A* in EG + PG compared with the other vitrified groups ([Table 6](#tbl_006){ref-type="table"}).

Effect of equilibration interval in 4% CPA on oocyte survival and development after vitrification and warming
-------------------------------------------------------------------------------------------------------------

When oocytes were equilibrated for different intervals in a total of 4% EG + PG, there was no significant difference in the percentage of surviving oocytes after vitrification and warming ([Table 7](#tbl_007){ref-type="table"}Table 7.Survival after warming and IVM and subsequent *in vitro* embryo development after IVF of immature cumulus-enclosed oocytes vitrified in a total of 35% (v/v) CPA (EG + PG = 1:1) after different durations of equilibration in a total of 4% (v/v) CPATreatmentEquilibration\
durationTotalLive (% total)Cleaved embryos (% live\*)Blastocysts (day 6)(% cultured)(% cleaved)(% total)Vitrified5 min4182606514(62.5 ± 4.6)(25.3 ± 4.6)(5.6 ± 2.0)(33.1 ± 4.7)(3.4 ± 1.2)Vitrified15 min4323026810(70.1 ± 3.2)(22.4 ± 3.9)(3.3 ± 0.9)(19.1 ± 2.8)(2.3 ± 0.6)Vitrified25 min440315697(71.8 ± 3.1)(21.9 ± 1.0)(2.3 ± 1.0)(13.2 ± 5.9)^\$^(1.6 ± 0.6)Four replications were performed. Data are presented as mean ± SEM values. \* After IVF, all live oocytes were subsequently cultured for 6 days (day 0 = IVF). ^\$^ Tendentious difference compared with vitrified oocytes equilibrated for 5 min (P = 0.08).). Also, embryo development in terms of cleavage and blastocyst formation rates was not statistically different among the groups. Nevertheless, the percentage of blastocyst development calculated from the cleaved embryos appeared to be tendentiously lower (P = 0.08) after 25 min equilibration compared with the 5 min group (13.2% and 33.1%, respectively).

Discussion {#s3}
==========

The aim of the present study was to determine the optimum CPA treatment for the vitrification of porcine oocytes in terms of 1) sugars, 2) permeating CPA combinations, 3) CPA treatment regimens and 4) equilibration intervals.

Sugars are considered non-permeating cryoprotectants and are widely used in vitrification and warming protocols for the control of osmolarity \[[@r34]\]. Also, sugars are known to stabilize and thus protect cell membranes under dehydrated conditions \[[@r35]\]. The most available and therefore most commonly used sugars for this purpose are trehalose and sucrose ([Table 1](#tbl_001){ref-type="table"}), which are rather similar in molecular weight (378.3 and 342.3, respectively). Our first experiment demonstrated nearly identical survival rates and subsequent embryo development when oocytes were vitrified and warmed in the presence of either trehalose or sucrose applied at the same concentrations. Therefore we concluded that trehalose and sucrose are equally effective in supporting the process of vitrification and warming. Based on this outcome and the lower cost of this method, we decided to use sucrose in the following experiments.

Previous studies on the vitrification of mouse, rabbit and bovine embryos and porcine oocytes have demonstrated that combining more than one permeating CPA is advantageous, as it promotes the permeation of the CPAs \[[@r7]\] and reduces the toxic effects of specific CPAs (such as that of PG) that occur when they are used individually at high concentration \[[@r6]\]. We determined previously that the 1:1 combination of EG and PG applied as a total of 4% (v/v) CPA for 13--15 min for equilibration and a total of 35% (v/v) CPA for 40 sec for vitrification (referred to as *Regimen A* in this study) significantly improved the survival rates of vitrified/warmed oocytes compared with use of EG alone, without any obvious toxic effects on developmental competence \[[@r6]\]. On the other hand, other authors have used the combination of EG with DMSO (references summarized in [Table 1](#tbl_001){ref-type="table"}). The second experiment in this study demonstrated that use of a 1:1 combination of EG and PG in our original CPA treatment regimen (*Regimen A*) resulted in higher oocyte survival after vitrification and warming compared with EG and DMSO. Furthermore, cell numbers in blastocysts appeared to be tendentiously reduced with the EG + DMSO combination, whereas cell numbers of blastocysts with the EG + PG combination were almost identical to those of blastocysts obtained from non-vitrified oocytes. The reduction of survival rate by replacement of PG with DMSO is likely attributable to the lower permeability of DMSO compared with PG \[[@r36]\], whereas reduced cell numbers in blastocysts might reflect the toxic effect of DMSO on porcine oocytes \[[@r9]\]. These results suggest the superiority of the EG + PG combination compared with EG + DMSO when immature porcine oocytes are vitrified by using the *Regimen A* CPA treatment protocol. Furthermore, *Experiment 2* also demonstrated that combining all three permeating CPAs (EG + PG + DMSO) for vitrification using the *Regimen A* CPA treatment protocol had no advantages, since oocyte survival and further embryo development with the EG + PG + DMSO combination was similar to that with EG + PG. Therefore, it is evident that even when combined with other CPAs, application of DMSO is not advantageous by any means for immature oocyte vitrification using our protocol. Nevertheless, it is important to point out that previous reports applied the EG + DMSO combination using a regimen that was different from our original CPA treatment protocol (*Regimen A*); equilibration was performed with a higher concentration of total CPA (15--20%) for a shorter interval (5--10 min), whereas the CPA concentration (30--40%) and treatment interval (30--60 sec) in vitrification medium was similar to that of our protocol ([Table 1](#tbl_001){ref-type="table"}).

To determine which is the better approach for CPA treatment, we compared *Regimen A* using the EG + PG combination with another treatment protocol employing a total of 15% (v/v) permeating CPA for 5 min for equilibration and a total of 35% (v/v) permeating CPA for 40 sec for vitrification (referred to as *Regimen B* in this study). *Regimen B* was tested both by using EG + PG (1:1) and EG + DMSO (1:1) combinations. The results demonstrated the superiority of *Regimen A* compared with *Regimen B* in terms of oocyte survival. Irrespective of the CPA used, the survival rate of vitrified/warmed oocytes remained below 30% when *Regimen B* was used, whereas *Regimen A* resulted in 82.5% oocyte survival. Since the two regimens applied the same treatment with vitrification solution but a fundamentally different equilibration process, it is evident that the great difference in survival rates was attributed to the different methods of equilibration. A plausible explanation for different survival rates between *Regimens A* and *B* may be the different osmotic behavior of the oocytes when placed in the vitrification solution after equilibration. At 30--40 sec after their placement in the vitrification solution (right before cooling), we observed a higher degree of oocyte shrinking with *Regimen A* compared with *Regimen B*. This could be explained by a higher content of CPA within the oocyte after equilibration at a higher (15%) CPA concentration with *Regimen B* even after a shorter equilibration interval (5 min). (Note: During equilibration in both regimens, the oocytes re-expanded to their original size in approximately 5 min, which suggests that by that time the oocytes had finished CPA uptake in both groups.)*.* Subsequently, when oocytes were placed in vitrification medium with the same permeating CPA concentration (35%), those with a lower initial CPA content (*Regimen A*) showed a higher grade of shrinking. It is possible that the actual volume of the oocyte at the time of vitrification (affected by the degree of shrinking) determines the survival of oocytes during vitrification and warming. It is known that there is a negative correlation between the volume of the cell and the speed of heat transfer during cooling and warming, with smaller cells cooled/warmed quicker than larger cells showing higher survival abilities during cryopreservation \[[@r37]\]. Taken together, our results demonstrate that the method of CPA equilibration greatly determines the survival of porcine oocytes after vitrification and warming. In agreement with the present results, a recent study demonstrated that during the first equilibration treatment in low concentrations of CPA, cattle oocytes can uptake the amount of permeating CPA sufficient to prevent cellular damage later when the oocytes are vitrified in a medium with a high concentration of CPA \[[@r38]\]. In such a system, the most important function of the relatively short treatment with the vitrification solution seems to be the osmotic withdrawal of water from cells, which concentrates intracellular CPAs to a level that allows the process of vitrification during placement in liquid nitrogen \[[@r38]\]. Nevertheless, it must be noted that, at least in porcine oocytes, insufficient permeation of CPA during the treatment with vitrification solution may also result in reduced survival after vitrification and warming when a CPA with relatively low permeability is used \[[@r6]\]. The abovementioned facts suggest that an optimum balance of intracellular CPA content and cell volume may exist that is necessary for oocyte survival during vitrification/warming and that this balance can be achieved by the control of CPA permeation during equilibration and right before vitrification. Furthermore, *Experiment 3* revealed that the developmental competence of surviving oocytes in terms of cleavage and blastocyst development was severely compromised after vitrification in EG + PG with *Regimen B* compared with *Regimen A* using the same CPA combination. On the other hand, when *Regimen B* was used, the developmental competence of surviving oocytes after vitrification in EG + DMSO was significantly higher than that of those vitrified in EG + PG and did not differ significantly from that obtained after vitrification with *Regimen A* using EG + PG. Even so, among the vitrified groups, the application of EG + PG with *Regimen A* resulted in the highest blastocyst development efficiency based on the total number of vitrified oocytes because of the remarkably higher survival rate compared with the other groups. Nevertheless, when permeating CPA combinations were applied at a higher concentration (15%) for equilibration (*Regimen B*), EG + DMSO was superior to EG + PG. This difference may be attributed to the toxicity of PG at high doses, which compromises the competence of immature porcine oocytes to develop to embryos after fertilization \[[@r6]\].

In *Experiment 4*, we investigated the impact of equilibration duration in 4% (v/v) EG + PG before vitrification. Our results demonstrated that a duration of equilibration at 38.5 C of between 5 min and 25 min does not affect statistically the survival rate of oocytes and embryo production. Nevertheless, extending the equilibration duration to 25 min before oocyte vitrification tendentiously reduced the ability of resultant cleaved embryos to develop to the blastocyst stage, probably due to their toxic effects. These results suggest that, under the given conditions, equilibration for 5 min is sufficient to facilitate vitrification and that the equilibration duration should not exceed 15 min.

In conclusion, the present study clarified that trehalose and sucrose are equally effective during vitrification and warming in facilitating oocyte survival and subsequent embryo development. Under 38.5 C, equilibration in 4% permeating CPA for 15 min before vitrification is superior to that in 15% CPA for 5 min in terms of achievement of high survival rates. When equilibration is performed in 4% permeating CPA for 15 min, the combination of EG + PG is superior to EG + DMSO in terms of oocyte survival after vitrification and the quality of resultant blastocysts. Under these conditions, the optimum duration for equilibration appears to be between 5 min and 15 min.
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